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MAGNETIC REFRIGERATION FCNlSPACECRAFT SYSTEMS*

J. A. Barclay
Group P-10, MS764

Los Alamos National Laboratory
Los Alanms, New Mexico 87545

Magnetic refrigerators, i.e. those that use the
magnetocaloric effect of a magnetic working material in a
thermodynamic cycle, offer potentially reliable, and
efficient refrigeration over a variety of temperature
ranges and cooling powers. A descriptive analysis of
magnetic refrigeration systems Is performd with
particular emphasis on more efficient infrared detector
cooling. Three types of magnetic refrigerator designs are
introduced to illustrate some of the possibilities.

*The nrk was perforiiedunder the auspices of the U. S. Department
of Energy.
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NU4ENCLATLIRE
contact area, n?

I

& ~ cross section area, m2
mgnetic field, Tesla

BJ - Flril louin furctlon, dinwnslnrrless
CB - ht?dt cflpaclty at constant field,

Jlkq K
cl) - heat capactt,y at z~ro fteld, J/kg K
Cp - heat capacity at constant pressure,

Jlkq K
- demaqnet:zing factor. dimensionless

: mnlecular w~iqht, kq/mole
J tntal ●lectrmric anguldr memantum

opprator, riinwnslorrlcss
- lwroth. m

i -magnetization, Am21aol@
Ms - saturation maqnettzatinn. Am2/ns31e

- Avoqrhdrn’,. number, nmle-~
! - Pr?ssure, Pa

&p ::;~%&;;;fl#,r,M

R - qas constant, 13.13 J/nml@ K
s - entropy, J/ml@ K
? - tmperatur?, K
‘(~ cold-bath temtwratm?, K
TM - hot-bath Mpprature. K
TIN - inlpt tampftrature, K
TOIIT - outlst temp?r.ltur?, K
To - Cw’le tenmrdturf!. K

al - maqn~toc,tlortr adlahntic
temperature chdnrje K

i volusw flow rate, m~/s
R argment of llr~llouin function,

dlmznzfonless

i!p
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h
k
v
a
a
n
#
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u
w
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o

characteristic channel diameter, m
- particle diameter, m
- Lande g-factor, dimensionless

conductance, W/m2K
- Bnltzmann constant, J/K
.. velocity, mls
- porosit,y, dimensionless
- Bohr maqneton J/ Tesla

efficiency, dimensionless
- fluid thermal conductivity, W/M
- molecular field constant,

dimensionless
visocity. Pas

- permeability onstwt, Wb/Am
- density, 4g/m 5

snlid temjwrature, K

lNTROOUCTION

The requirenwnt for refrigeration for detec-
tors, instrwnant,s, and ●xperimantq in spacecraft IS
lncreasinq hpcause of the md to increase heat load
capability find to t?xtend mlsslon life. Th~ specific
cnnlinq requirmmwrt~ depmi upon the missloII and the
state of technolrrqy available. Tabl@ 11 lists
mo~t of thr typical spnc~cr~ft refrigeration methods
that hav? been wcct?ssfully flown or are under
dev~lnpnwnto

Qefriqpratinn IS a k?y prohlcm for nmt
tiw+mlnpina $pnc@rr#ft thwnal $yst#ms hpcauqe many
Watt% of cnnling nm%t be prnvirl~d With high
r~liahility, Ionq Iife-tiw, and iligh effici-!cy,
Ckw21npmnt of high-rcllahility, high-? fffci, mcy
refrlqwators has been hind@r@d due to lack of
tifinitinn, planning find inad@quat@ fundlnq,
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TABLE I

SPACECRAFT REFRIGERATION METHODS

lEMPERATLRE RANGE (K)

Radiant Coolers 70-l&l
Stored Solld Cryogen Coolers 10-90
Stored Liquid Heliun Coolers 1.5-4.2
tke-3 Coolers 0.3
OllutlonlDemagnetizatlon

Refrigerators 0.W1-O.3
Mechanical Refrigerators 4-3m
Thernuelectric R6frlgeratlon
Absorption Refrigerators

In or~r to see SOIIE of the problems faced,
consider the following exanple. ITable 11 lists the
features of an advanced infrared (1.R.) detector
coollng systOn. There are no refrigerators ~n \
existence that can met all of these requirements
simultaneously.

I
.

Table 11
1

1. R. CCKILING SYSTEM REQLIIREMENTS I

Reliable Rapid Cool Oown
Canpact 10 K to 100 K Load Temperature !
E~f\clent Several-Year Mlsslon Lifetim I
Low Microphonics Several-Watts Cooling Power
Low Thermphonlcs

Also, the reliability and ●fficiency are be-
caninq Increasingly important as the lifetime of
the mission and the heat loads increase. If 10 w
of refrigeration at 20 K can he reliably provided
with 25%of Carnot efficiency Instead of 51A then
r~frlger~tion input pmwr can be rducd from 2800
Ii to 560 H and wa~te heat renmval CW)OnWIt S can he
correspondingly reduced.

The purpose of this paper is to describe the
conc~pt of maqnetic refrigeration, to discuss the
compments of a mqnetic refrigeration system, and
to Shw that there are Posstble systmm that can
provide many of the reqwlremnt$ for refrigeration
for spacecraft applications. in particular high I
efficiency with good prospects for high reliability,

MAGNETIC REFRIGE17ATION I
I

-e~~watorsi, ●xploit the tesuwa-
:ure and magnt?tlc fi?ld dependmce of the magnetic
entropy of a solid watertal to extract h?at frrwn a
lW trmperaturc source and transfer it to a hlghr.”-
tempwature sink, The ?ntrnpy chang? relevant to
these processes is givt’n hy

where S is entropy, E In tho magnet{c field, CE
1s heat capacity at constant magnetic field, M is
magnet lzatlon, and T is absolute temwature, Thus , I:norder to predict the tsothcrmal entropy change ~
or th~ adlahatic temperature change Wfth nwnat~c
ftald variation, the zero-magnetic-field heat ca-
pacity Co and the equttlon of state of the mag-
netization are required. The magnetlc-fiQld-
depentint h@at capacity can be obtaln?d h,yuslnq

LOAD/YEAR MISSION

0-10M
O-so mu
o-la mw
o-1oo Il!d

u-m UH
0-300 H

CB 0$
-CO+T B

The @quat!on of
magnets Is given

M(B,T) -MsCJ(X)

(2) I(#)BdB .

state for paranagnets and f?rro-
by

* (3)

where Ms Is the saturation magnetization and
BJ(x) is the Brillouln function.2 For a par~hgriet

X ■ go BJ/kT , (4)

where g is the Lands g-factor, o the Bohr maqneton,
J the total electronic angular mcmentm oPerator,
and k the Boltznmn constant. For a ferromagnet,
in the molecular-field approximation,

[ 1X ■ gsJ B- (OwO/G)M+(AoWo/G)M/kT , (5)

where 0 ts tti~ demagnetizing factor. u
permahil!ty Con$t#nt, n IS the density, % ‘i: &
Ilml(?cllldr w?lqht, and hn th? nmlecular f)eld..
cnnstant givenby

I
An m 3kToG/Nnuoqi7#JiJ + 1) , (6)

with T,j f!qual to the Curie Mnpera’,urf?. suh%titu-
tion of Em. (5) and (6) Into (3) gives a ‘ran-
scmdental equation fnr M, xhlch can he solved hy
itwatlon. Paramnqnets dt I* t~erature (1-?0 K)
and fwrnmagn?t% near their Curie temperatures
(20-300K) sh- appreciahl~ entropy chany?s with
field: values range from >lR at low temperatures to
0.1-0.? R dt roan tem@er%ture, with ~ mamimun of
R n(?,! + l), where R is the gas constant, Magnetic
matwials have arliabatlc t~eraturn changes of
lkl-211K tn6-10 Tfields.

In orbr to fully appr@ctate the capahlllty of
maqnptlc systwnq, It is instructive to compare the
simple th?rnudynamlcs of magnetic ml gas syst~ms
h~cauw mqny scl~ntlsts and engineers are mw fa-
mlllar with gas syst~ms, The corresponding vrnri-
ables In the two sys~wns are P, T, and B, T where P
i% pres%tlre. The entropy equation for magnet~c

‘i
solids is q ven by Ea. (1) and the Corresponding
gas equation (for an ideal garn) $s

dS . (R)P dl CP
+($)TdP=rdT-(~)dP , (7)

where Cp is the beat cnpaclty at cons,tant pressure,

I

i

I



Equations (7) and (l), (3), (5) can be used to cal-
culate the isothermal entropy changes and adiabatic
temperature changps under corresponding P or B
changes. FimIP 1 presents the entropy-temperature
diagram pressure ratio of 10:1 and a magnetic
field c ige of 10 T. Further ccinparisons show that

ENTROPY ASA F(TEMPERAT’JRE)
10, 1 I I I I I I I I

9 - He:l atm

8 -

~r

26

s
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53
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I

G
‘2,0 8.8 15.6 22,4 29.2 36,0 42,0 49.6 S6,4 6

TEMPERATuRE(K )

F{g. 1. Entropy as a function of temperature for
a magnetic solid, hydrogen and helium
qas. The gas compression ratio is !0:1
and thp Curie temperature of the solid is
40 K with a field ch,mqe of 10 T.

magnetic refrigerants have l~rqer entropy change pPr

unit velure, even at room t.emperoture, b~cause of
th?lr hlaher density, hut that gasps offer h much
larger temperature chanqp ~bov.e 30-40 K, Marjnetlc
refrl~erants have an ~pproxlmately constant adla-
batlc Lemppraturt? chanqe aT for all tempprat.urrs
while gases have a AT thdt incr~a$es as the tem-
perature Increates. Th~ larae AT upon compressi~n
of a Q#s leads to larqe inefficiency in d c~pr.e<sor
when a re~sonahle thruuqh-put IS required, Th@ maq-
netic systm has a much smaller AT which leads to
qood Pfflclency, but mav requlrp # Df?ndlt:’ In the
size of the rorxn-temperature h~at exchanger,

Thernnd namlc C cle$ for Mn netlc Refrl @raters
+o.der J use t,le fikrl+e~ in a
refrigerator a Sultdhl.? thmmiynamic cycle ImIst he
ex~cut!d, Sev~ral maan?t ic analogues uf gas cycl~t
?Xlst, The historic Cdrnot cyc!~, two isothermal
st~ps awl two adiabatic steps. is easy to rxecllt~
in a magnetic systpm, Cons ider I ferromaqnetlc
materinl near its Ctiri? temper otur,> such that the
rnaterl~l can h? Isol*ted from or put In contrfct
with hot and cnld hdths at wI1l, The first st,lqo
of this CYCIC is dn Isothermal magnetization whllp
iII contact with the hot bath: the hedt of magn~ti7a-
tion is re,jecled Intn ~h~ Ont hsth, Next, an lso-
Iated (ddiahdti C), partial demaqm=tizat ion is per.
forred which cools the material to a lower temg?ra-
ture, The thlrrt step puts the material In contact
with the cold bath as the demaqnetlz?tlon is coll-
tinued to zero field: heat Is drawn from the cold
bath, The final st~p of the cycle IS an arliahatic
partial maqnet~?s!lon hack to the orlq!nal hot

I

I

I

temper aiti!e, These two isothermal steps and two
adiabatic steps constitute a magnetic Carnot cycle,
The temperature span of a Carnot cycle Is limited
to 5-10 K with an -10-T field chmge, but no re-~
generation is required, Since larger temperature
spans are generally required, other :ycles must be
used. The magnetic Brayton cycle consists of two
adiabatic steps and two isofield steps. It requires
regeneration but can cover mch larger temperature
spans thdn a Carnot cycle. The Rrayton cycle is
very attractive because of the natural way of
coupling to the extern~l heat exchangers through the
temperature change caused by the adiabatic field
changes. Magnetic Ericsson and $tirlit?g cycles are
also possible. Ericsson cycles consist of two iso-
thermal steps and two isofield steps, Stirling
cycles require two isothermal steps and two isomag-
netization steps. Both of these cycles require re-
gen~~ation but can span large temperature differ-
ences. Because these cycles require excellent heat
transfer between the hedt-exchange fluid and the
source and sink to obtain the Isothermal steps, the
Brayton cycle tends to be easier to implememt in a
practical device.

A Mdcjnetic Refrlgeratton System I
In order to inteqrate d magnetic refritaer-

ator wfth a complete space-craft sys~em, the ref~ig-
erator subsystem components and their constraints
nust be fully understood. Table 111 lists the
characteristics of d magnetic refrigerator system.

TABLE 111

THE CI+ARACTFRISTICS OF A MAGNET[r REFRIGERATOR
m~

.——
.—

PRINCIPLE
o Maqnetocaloric Effect
o Adiabatic Temperature Chanqe of 10-?0 K in 6-10 T
o Isothermal Entropy Change of 1R(4K) to

o.lR(300K)
SYSTFM COMPONENTS
o Solid Magnetic Working Material
o Heat-Eachdnqe Fluld
o Fluid-Orive Pump
o External Heat Exch,sngers
o MaqnPttc-f4dterial Dr!ve Motor
o Superconrluct!nq M80n~t
o Superinsulated Ocwar I

Let us now consider ?nch component In m!e de-
tail \n an attmpt to underst~nd wh~t characteris-
tics $pacecraft maqnetlc refrigerators might have,

M~+tlc Material. As shown in F\g, 1, thp
by th~ mngnetlc field de.

cr~a$~s as the nperatinq tf!mperature deviates frcxn
the Curie temp~ratllre, A temp~rature span of 40-6u
K can be ach!evwl with n sinqle material; hut If a
Iarqor temprratur+ $pan ts realllred, a series of
mater !filsmli<tbe uspd so that each material opf!r-
ates near (and thrwgh) its Curie temperature. For
exmnplc, if a temperature span of 20 K to ?00 K wds
desired for a particular spacecraft application, at
least t+r~ materials uould be requlr~d, edch
spanntnq about 60 K. This requlrennnt \S no prob-
lem s{nce there are many gadoliniwn-b~sed compounds
that have Curie temperatures ranging frcm ?0 K to
3CKI K, Tab!r IV lists some of these cunpounds,
Ide#lly, a continuous range of Curie temperatures
would I’)@US@d;
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TABLE IV

G4~LINIUM COMPOUNOS ~ AILOYS AND THEIR CURIE TEMPERATURES

I

Cmpou rid/Alloy

%. 71%

IL(!Q Compound/Al 10Y IL(!Q
10021

. GdAgo Inom2‘!t+,73 ~
Gd0065ThOm35A12

24
28
30

111
125
150

32
3a
42

153
185
200
211
224
254
260
2al
293
W

-- ..
GdNIz (crystalline) ~o,90Y&lo

90Gd~, aTho, 2A12 Wmlz

mre research Is required before the best selectfon
of materials can be made, but there sho(ld be no
problem obtaining suitable ones.

If the temperature span Is 20-300 K, the fluid
must be either hell~ or hydrogen gas. Passage of
gas through the porous magnetic solid results in a
pressure drop In the gas and, hence, heat genera-
tion. The mst gen~ral equat!on for tkc p ssure

16drop thrugh a porw% b~ is Ergun’s equati m ,
Heat-Exchange Fluid. A heat exchange fluid

nsist he used tO Coupie he magnetic solid to the hot
and cold external heat ●xchangers and to effert the
regmteration, If relatively smsll temperature spans
arp requird, various cryogenic llquids could be
us~d: but, gmerally, supercritical helium, hydro-
gen, or neon can be used to span frcm low tempera-
tures tc rlom temperature. If the design rises fluid
as the rs!yener!itor, care must he taken t ~ ~vold mi#-
ing across the tempwature gradient. s It Is
better to US*: the magnetic solid as the regenerator
as well M thp working materi~l to avoid excess en-
tropy production duf? to fluid mixing. Heat transfer
In the regenerative Darts of the cycle nwst he ex-

I

wh~re aP Is the pressur? drop thrnugh a bed of
lenqth L, The term in hpackets is called thp fric-
tion factor and contains the vlscnus-flow term
(f!rst term) and tha turbulent flow term (1.75),
Wh@n Eqs. (9) and (10) are considered together, we
s~e that al thnugh a decrease In dp inureases
A, it al o increases ~P.

1
At wins potnt, the

f~cw lo?< aP, wher~ $ !s the volw flow rate,
prudums so r,wch lrrever~lble mtropy that the
efficiency drops to z~rn. Hnwver, it Is possible
to choose a valw? of d Wch that the hnat trans-

Jfe~ is e~ce}lent nnd th flfm losses are Ininlmal.
Ernternnl Heat Exchan ors. The detector-module

power +i$sfpat~on alonq w l.~radiative and conduci-
ve heat leaks provide the Inw temperature thermal
load for the refrlg@rator, There may be oth@r
t.h~rmal lo~df at hiqher temperatures from thrv-mal
shi~ld~, ~tc, All r,f th~se lmds plus tha magnetic
work and heat due to lo%ses nust be re.ject,ed n“
h?at at ~om hlqher tmperaturm, m.g,, by radtatlon
at >?00 K. An •~tern~l heat @nchanq@r pprforms the
flm~tfnn of conn~cttnq the hedl-axrhfinge fluid
(red, Indlr?ctly, th~ worktnq matertal) to th@
thwmal lnarts and r~.iectton stnk. one slmpln typa
of heat mxchanqor Is a chmol throuah a mtal
blnck attachd to th~ load or radiator, For the
steady state casa, neglecting VISCOUS losses, energy
Contorvatlon qlvns the following d!fferentlal
equatlnn:

Cellent to-attain high efficiencies: Exce!lent ht?at
transfer capability car b? obtained using pornus-
beds. The conductance betwet?n a flowinq gas nnd the
part~cle~ of the bed hM been studied by several
workmrs. -819 One of the mre successful cnrr?la-
tions for porouu bed at roan temporaturs Is that

4of Copp6qe and Lnndon , given by

where h IS the c&ductmncp,”m IS the bed norosit,y,

“!
the oed D,!rtlcle dlammter, and v the tuper-

f clal fluid v~locity (as If the bod were anpt, f):
n. r , u, and E arcs the fluid den~lty, hpat ca-

fpacl U, vl!cocity, and thurmal conductivity, re- ~
~pQctlvPly, Once a flutd Is chn~@n, th~ hed param-
eters +, o, and, tndlrectly, v, can he varld to
ohtal~ as larqe an hAc as possfhle, where ~ !s
the bed contact area qiven by

6(1 - a)A_L I
(9)

‘T .#(oJ) ,
“Vcp ai (11)Here ~s 1s the cross sectional area and L fs the

]Qngth nf the bed. Because h~ cm be made very
large In porous bedi, the h-at transfer can hc en- I
treimly Qoud, Howetier, It ts not posslhle to make ,
the heat transfer artltrarlly high because the flmw
Iossnl becum tntolcrahle.

where C
t

Is the heat+xchanq~ fluid heat caPacttY,
h th? c nductanc? hetwen the block at tamp?rature o
anti the fluld at temperature T, and d ts tho charac-
teristic chfinnml d!hmPt.@r, A%surnlnq that o Is



essentially constant in steady &tate, Eq. (11) can
be solved to yield

TOUT- e + (TIN ()-e)exp * ,
P

I
(12)

I
where TIN Is the heat exchanger fluid at the in- \
let of the block and 10 T is the temperature ;
after length L. YEquation ( 2) shows that the de- !
sign parameters for a given fluid are v and L/d. \
The mass flti” rate is determined by the required
cooling ptier and TOUrTIN. I

The temperature difference, To rTIN, naIst alSO1
be equal to&T, theact18batlc %emperaturechange
for the magnetic material. The mass flow pv is
determined by picking the diameter of the channel,
which in turn determines h, which determines L/d
from Eq. (12). For example, if we want 1 H of
cooling power at e ■ 20 K and the heat exchange!
fluid is l.OMPa h liun gas, t5en, for A = 1 K, h
becms 2 x I ‘~ kg/s, OV

n)
n!iS 25 kgf S, h

becoms 7(M U/ K, and L/d is 83, so L equals
0.83 m. The corresponding pressure drop in thts
channel is 250 Pa, i.e., completely negligible. A
corresponding calculation at a rejection te+npera-
ture of 200 K gives similar re$ults. The conclu-
sion of this exercise is that the ht?at exchange can
be easily acco+nplishd at the expense of a slightly
larger temperature span, e.g., for 20 K source and
200 K sink. Tr - 8 K and TM - 216 K. Counter-
fl-heat exchhge would be even easier.

Magnetic Material Orive Motor. The work for
the megnetlc refrigeration cycld~ to be provided
by a d;ive nmtor o~ sores type, possibly including d
magnetic h?at enqlne In analoqy to a gas Vullleumler
cycle. In e wheel -typ~ design, this Wrk can be
introduced by a tordu~ On the drive shaft. A re-
ciprocating-type Jesign rewire5 a force cumWnsa-
tion mechanism twcause the magnetic work is prn-
duced by the difference betwean two larqt! magnetic
forces, accordinq to (&r)J, as the mag,letic matP-
rial entars and le~vt?s the field. rt is also pos-
sible to consider moving the mfignet instead of the
magnetic material, which illustrates an additional
degree of design flexlhlllty that magnetic :ystwns
have, i.e.. the intensl.le variable B can he sculp-
tured mch nmre than th? corrwponfllnq variable P
In gas sy~tem~,

~ercmluctinq Th@ need for a hiqh-
field rnaqnpt IS de?ln he hiq est rlisadvantaqe

7to meqnetlc refriq~ration. Th@ @f ects of magnetic
field on othar parts ofa ~pacecraft, e.g., magneto..
nmt?rs and lR det?ctors, would have to be carafully
determlrw!d. Of cnurw, ofw silvinq feature is that
maqnetlc fields can ba #ffecttvely shi~l~d hut only
at the expense of hlqh permeability or suv?rcnn-
ductinq shlcldlng materials. However, if the rell-
ab!llty and efficiency aro high, thl~ shellrllnq
Pendlty may not he serious.

Supercmluct!nq magnet technology usinq NbTl
and NbSn3 mnt~rials is well developnd, Ma nnt!

7capable of producing a 1O-T fteld me a~ai ehle
using eithar wterial; we hav~ taken 10 T as the
practical upper limtt for superconducting m.lgnets
in this application. The magnetic work in the
therm-dynamic cycla IS not put into tlw refrlger-
otor by charging the magnet, so that once the field
is established the maqnet can operate In the Per-
~fgtent rode. Th~ loads to the magnet cm then he
moved to reduce the heat leak Into the heliwn.
The steady maqnetic field allminatw chwglnq Iosw
dun to flux jtmplnq hnd will rmlucr drty current I

losses to a negligible level. The magnet will re-
quire an initial liquid helium transfer, but there-
after the refrigeration requirentsnt can be provided
by a small magnetic refrigerator operating frcxn, far ‘
example, 20 K to 4 K which will add a comparatively
negligible parasitic heat load at 20 K. For ex-
ample, In a 20 Ii at 20 K refrigerator, calculations
Indicate that an additional 120mW load is reauired
at 20 K.

SuperInsulated Wars. Ibdern helium, fiber-~
alass Oewars with many layers of vapor-cooled
~hielding end superinsul~tion-are readily” available
and have remarkably low losses. Boil-off rates of
20-30 h/1 are not uncamnon. This boil-off trans-
lates into a thermal influx of a fim MU. This type
of Oewar can also maintain its integrity for years
if properly designed with getterlng material, such
as activated charcoal.

costs. Spacecraft-warthy magnetic refriger-
ators= not yet been designed, so costing is
difficult. thever, In ~neral, It can be stated
that none of the ccswponents

\l aa~~~’car~~~~~~~ator system are very costly
system can only
Is available.

POSSIBLE DESIGNS

%%%1
(taken fran Ref. 12) provides continuous refrigera-
tion but has a limited temperature span, as can be
seen frcm tha S-T cuwes of Fig. 1. A span of 40-70K

be properl~ costed a?ter a dhsign

concept12 illustrated in Ffg. 2

Fig, ?. The mlgnetic whets] ccmcnpt illustrated hy
a IIh!ollFtiC Matqrial In th? rim of a wheel
exmltlnq a Brayton cycle,

is possibl~: hut the entropy change d#creases as 1
the span increases, so 40 K may he a practical I
limit, If an lR-detector refrigerator with a load ‘
at XI K and a radiative sink at 2u0 K were desired
usinq the whe~l concept, the overqll tamperatur?
span of - ?OO K could be ohta{ned from 4 or 5 ntag-
netlc wheels in series. Reference 12 shnw!i that a
L!rayton..cycle wiw@l qpannlnq - 40 K should ha sble



,..

to reach 70%of Carnot, which would give - 17%of ‘
Carnot for 5 stages extending from - 10 K to - 215 !
K. This design should work but is probably not the ~
best way to span large temperature ranges. There ;

fi~i~~~\\ ~[~~hr= ~9netjc-wheel WfrlgWatW~,.~~

Reciprocating Type
he basic concept of reciprocating designs Is

Illustrated In Fig. 3, taken fran Ref. 5. This

& &nBco

Fiq. 3. The rruanetfc ) :iprncating concept 1
illustrdt.ad by an ~iqht-step sequence i
executing a magnetic Ericsson cycle.

the first onc suqgesterl for use
&$’’lt~~7wa~he temperature span is again abwt
40-70 K, hut tha refrigeration Is not cunPl@tely
continuous, H~@v@r, the magnet can be a simple
solenoid and entrdin~d fluid does not cause ProtI-
lems. The reqpnerator losses can be serious, par-
ticularly ~ince Iidxing of fluid along the twnpera-
ture gradient can rapidly produce ●ntropy, If the
mixina prohlmm can he SOIVQII, stag?d reciprocating
refrigerators shwld be pos~lble, There are two
reports on reciprocating maqn tic
available in dddltlon to Rf?f, 17.

\,6 refrigerators

pr~vlnu$- two d~slgns can bn avoided or ull.nin~terl
by the usc of a new concept called magnetic re~n-’
erativ~ refr Igeration.

Tho activ~ magnetic regenerate is a dsv~c~
canposed of several magnetic mater!als that are
thernmdynamlcally cycled t> provide the refrigera-
‘:on over an extondmd tmnper~tur? range, The basic
theory is tha+ of an ordinary I’eg?nerator except
that the tmnperature of thematerlals can he changnd
by th~ fippllcatton or removal of a magnetic fi~lu
rnd that a th?rmal Vrwefrodt propagat.~s back and,
fnrth !n the reqenp~ator,

Each different material executes a small;
Brayton cycle near Its Curie temperature; but when
all of the ~terials ara c~ined, they yield a
Brayton cycle over an extended temperature range.
e.g., 10-?20 K. The basic cycle 1~ Illustrated” ii
Fig. 4 and Is described as follows. Consider a ]

xa714Lams
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Fig. 4. Th? active maqnetic regenerator concept
illustrated by a five-part sequence of
the temperature profile alonq a
reqm?rator executing a magnetic Brayton
cYCle over an ?xtended temperature span.

porous-bed reqenerntor composnd of a series of dif-
ferent f?rrcnnagnetlc materidls with Curie tempera-
tures 10 qraduiilly decreasing fran the sink tem-
perature TH to thg load temperature T .

i
Also,

consider that the tempt?raturc qrodl?nt s nearly
uniform but displaced to thn left of the cmter in
th~ r?qenerator, as shown in the top fram of Fig.
4. (For start up from a warm condition, I,&., TH
everywhw?, It takes fever.sl cycles to reach the
condltlon assumed ahnve: so, for simplicity, we
start with th@ tempwature qradient establlshod. )
Upon application of a maqnetlc field, the tempera-
ture all alonq the hed will adlabRticdlly increase
hy AT which is abmt 15-20 K for a 1O-T field,
(On@ of the charficteristlcs of magnetic refriger-
ants is that AT {s roughly indepen(bnt of T if the
Matwlal iS near Its Curie temperature, ) After the
tield IS applied, hellJm or hydrogen gas, at tem-
perature TC + AT is pushed through the bqd from
the cold end, which is now at TC + AT. As the
9as at TC+ AT anter, the bed, the gas will warm
as th~ hd cools, and a thermal wavefront of mag-
nitude TH - Tc w~ll he established, as shown In
tht? middle Fran@ of Fig. 4. The overall wavefront
will oro~aqate throuqh thn rcqenerator (to the rlqht



in the middle frame of Fig. 4) as gas continues to
flow into the bed at Tc + AT. The gas leaves the
regenerator at TH + AT until the thermal wave-
front arrives at the hot end of the regenerator, at
which time the temperature of the exiting gas drops
to TH. When this happens, the gas flow is
stopped and the regenerator is adiabatically demag-
netized. The temperatures all along the bed drop

!

by AT as shown in frame 4 of Fig. 4, in preparation!
for the reverse flow of gas. The gas that came outl
of the regenerator at TM + AT durina the macr-’
netized st~ge is put thro’dgh a heat ex~hanger aid
cooled to TH before it is pushed back into the
regenerator after demagnetiziation. Another ther-
ms1 wave of magnitude TH -Tc is established;
but it t-avels in the opposite direction to the
first thermal wavefront, as shown in the bottom
frame of Fig. 4,

The gas exits the cold end at Tc and is then
put in contact with the load. When the gas tempera-
ture at the cold end of the regenerator increase”
from Tc to Tc + aT, the gas flow is stopped and
the cycle is repeated as the regenerator is again
magnetized.

A key point in this concept needs to be empha-
sized. The finite heat transfer between the heat-
exchange gas and the magnetic solid, along with the
axial conduction in the bed, will tend to disperse
the thermal wave front as it propagates through the
regenerat,)r. In a non-active (non-magnetic-normal
type) regenerator these effects will gradually re-
duce any thermal gradient by spreading the tempera-
ture change out across the whole bed. However, in
an active magnetic regenerator, the wavefront prop-
agates back and forth throuqh the regenerator with–
out ccmplete dispersion because the wavefront is
sharpened every half-cycle by distributt?cl refriger-
ation. This concept is still in thl~ development
stage, but preliminary exPf!riments and calcu -
lations~q indicate that it can provide refrigera-
tion over large temperature spans, e.g. , 10-220 K,
at very impressive efficiencies, - 50% of Carnot.
This concept has also been @mbodit?d into a wheel
and a reciprocating design,but no detailed design
work has been crnnplet.ed,
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